Purpose The purpose of this study was to investigate the function of Zinc finger protein 488 (ZNF488) in nasopharyngeal carcinoma (NPC).
Introduction
Nasopharyngeal carcinoma (NPC) has a remarkably distinctive ethnic and geographic distribution. More than 80% of NPCs were reported in China, Southeast Asia, and several other Asian countries [1] , with an annual incidence rate of approximately 20 per 100,000 people in endemic areas [2] . NPC is characterized by high invasion, migration, and proliferation abilities [3] . The standard treatment for NPC consists of concurrent chemo-radiotherapy with cisplatinbased regimens, generally followed by adjuvant chemotherapy [4] . Although advances are made in NPC clinical treatments, a significant proportion of NPC patients, especially those with stage III or IV, relapsed locoregionally and/or systemically. Thus, there is continuous calling for deeper understanding of the biological features in NPC.
Zinc finger protein represents one of the most abundant DNA-binding motifs in eukaryotic transcription factors, and the Cys2His2 ZNF motif is the most canonical type [5] . Recent studies closely link ZNF proteins to human cancer. For example, Zinc finger protein X-linked (ZFX) contributes to the stemness and pluripotent behavior of hepatocellular carcinoma [6] . ZNF703 protein is a novel oncoprotein regulating cell proliferation and migration [7] . ZNF217 protein may contribute to tumor progression in breast cancer by inducing epithelial mesenchymal transition (EMT) to enhance anti-apoptosis, invasion, and migration [8] .
In an attempt to define the molecular mechanisms in the development and progression of NPC, cDNA microarray was utilized to examine differentially expressed genes between NPC tissues and normal nasopharyngeal tissues. Our results showed that Zinc finger protein 488 (ZNF488) was a major up-regulated gene in NPC tissues. ZNF488 is a nuclear, Kruppel-like zinc finger transcription factor [9] . The only known function of ZNF488 is the regulation of oligodendrocyte differentiation. ZNF488 is an oligodendrocytespecific transcriptional repressor that cooperates with the basic helix-loop-helix (bHLH) transcription factor Olig2 to promote oligodendrocyte differentiation and enhance myelin regeneration and repair in the central nervous system (CNS) following demyelinating diseases [9, 10] . However, to our knowledge there is no comprehensive study of the effect of ZNF488 on human cancers. Therefore, the aim of our present study was to evaluate the expression and the possible function of ZNF488 in NPC.
Materials and Methods

Tissue collection
Thirty-four freshly frozen NPC specimens and 12 normal nasopharyngeal epithelium samples were retrieved from Sun Yat-Sen University Cancer Center (SYSUCC). None of the patients received any anti-tumor therapy prior to the biopsy sample collection. This study was approved by the Institutional Clinical Ethics Review Board of SYSUCC, and written informed consent was obtained from each patient.
Cell culture
Human NPC cells HNE1, CNE1, CNE2, HONE1, HK1, C666, SUNE1, SUNE2, CNE-2 subclones S18 and S26, and SUNE1 subclones 5-8F and 6-10B were maintained in RPMI-1640 (Life Technologies, Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS; Gibco Carlsbad, CA). NPEC2-Bmi1 (N2-Bmi1), an immortalized nasopharyngeal epithelial cell, was established by transfection of oncogene Bmi-1 and maintained in keratinocyte medium (Invitrogen, Carlsbad CA) in our laboratory [11] . NP69 was kindly provided by Dr George SW Tsao (University of Hong Kong, China) and cultured in Keratinocyte medium. The normal nasopharyngeal epithelial cells N01, N02, N03, N05, and N10P were obtained from normal nasopharyngeal mucosa using standard explant techniques [11] , and routinely maintained in keratinocyte medium. The 293FT cell line was maintained in Dulbecco's modified Eagle medium (Invitrogen) supplemented with 10% FBS.
RNA extraction, reverse transcription and quantitative polymerase chain reaction (RT-qPCR)
Total RNA was isolated from tissues and cells using Trizol reagent (Invitrogen) and reverse-transcription using M-MLV reverse transcriptase (Promega, Madison, WI). Quantitative polymerase chain reaction (PCR) reactions using a Platinum SYBR Green qPCR SuperMix-UDG reagent (Invitrogen) were performed using Bio-RAD CFX96 real-time system (Bio-Rad, Hercules, CA). Reactions containing either no template or no reverse transcriptase were used as negative controls. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as the normalization control. The primers used are listed in Table 1 .
Western blotting
Total protein was extracted with sample buffer (62.5 mmol/L Tris-HCl, pH 6.8, 2% sodium dodecyl sulfate [SDS], 10% glycerol, and 5% 2-!-mercaptoethanol), and its concentration was quantified using the Pierce BCA Protein Assay Kit (Thermo, Massachusetts, MA). Total protein was subsequently separated on 6%-12% SDS-polyacrylamide gel electrophoresis gels and transferred onto polyvinylidene fluoride membranes (Millipore, Bedford, MA). The membranes were blocked with 5% skim milk and incubated with primary antibodies, followed by incubation with anti-mouse or rabbit IgG secondary antibodies. Bands were detected by enhanced chemiluminescence, and GAPDH or "-tubulin served as the loading control. Anti-ZNF488 was purchased from Abcam, Cambridge, UK; anti-ZO1, anti-E-cadherin, and anti-"-catenin from BD Biosciences, Franklin Lakes, NJ; anti-"-tubulin, anti-Slug, anti-Snail, anti-phospho-GSK3! Ser9, and anti-GSK3! from Cell Signaling Technology, Boston, MA. Anti-vimentin (Novagen, South Africa), anti-N-cadherin (Epitomics, Burlingame, CA) and anti-!-catenin (Santa Cruz, Shanghai, China) were purchased.
Plasmids and generation of stably transfected cell line
ZNF488 cDNA was amplified by PCR and inserted into pcDNA3.1 and pMSCV vectors. The primers of ZNF488: BamHI-sense: 5#-CGGGATCCATGCCAGAGTGGCCAC-CTT-3# and EcoRI-anti sense: 5#-GGAATTCCTAGCTGTGA-GAAGTCATGTGCC-3#. The vector or pMSCV-ZNF488 plasmid was transfected into 293FT cells along with the retroviral packaging vector PIK. After transfection, the supernatants were harvested and used to infect HNE1 and CNE1, and the stably transfected cells were selected with puromycin and validated by western blotting analysis.
Small interfering RNA transfection
Small interfering RNA (siRNA) transfections were performed using Lipofectamine RNAiMAX (Invitrogen) according to manufacturer's instructions. ZNF488 siRNAs were synthesised by RiboBio (Guangzhou, China). The targeting sequences were as follows: si-ZNF488-1, 5#-GCGCCTTTAG-CAAACCAAC-3#; si-ZNF488-2, 5#-GCAAAGTGCAACCT-GTCCT-3#; and si-ZNF488-3, 5#-CCTGGTCTTTCACATGCG A-3#.
Wound healing assay
Cells were seeded and allowed to reach 70%-80% confluence, then starved for 36 hours. The cell monolayers were then wounded with a sterile plastic tip and cultured in serum-free medium. Cell migration was monitored every 12 hours using microscopy (Nikon, Tokyo, Japan).
Transwell invasion assay
Cells were plated on top of a thick layer of Matrigel in transwell chambers (BD Biosciences). After culturing for 18 hours, non-invasive cells on the upper surface of filters were removed completely. Invasive cells adhered to the lower surface of filter were rinsed with phosphate-buffered saline (PBS), fixed with methanol, stained with 0.05% crystal violet and counted.
Soft-agar colony formation assay
Plates were coated with a layer of 1% agar in 20% FBS medium. Cells were prepared in 0.66% agar in 10% FBS medium and seeded. Plates were incubated until colonies formed. Colonies were counted and photographed with a microscope (Nikon).
Xenograft experiment
Nude mice were purchased from the Guangdong Laboratory Animal Co. Ltd. (Guangzhou, China) and maintained in micro-isolator cages. All animals were used in accordance with institutional guidelines, and the Committee for Animal Care and Use approved the experiments. Tumor cells were suspended in 100 mL RPMI-1640 FBS-free medium with 25% Matrigel (BD Biosciences) and inoculated subcutaneously into the left flanks of 4-week-old nude mice. The mice were monitored daily for palpable tumor formation, and tumors were measured, weighed and photographed. 
Gene
Primers' sequence
Immunofluorescence staining
Cells were plated on multiwall coverslips to 80% confluence, washed three times in PBS, and fixed in freshly prepared 4% polyphosphate formaldehyde for 10 minutes. The cells were incubated in PBS three times: 10 minutes with PBS containing 0.5% Triton X-100 (selected); 2 times with PBS,5 minutes per time; and blocked in 5% bovine serum albumin for 30 minutes. Cells were incubated with primary antibodies overnight at 4°C. After washing three times with PBS, slides were incubated with Alexa Fluor* 488 or 594 goat anti-mouse or anti-rabbit IgG antibodies (Invitrogen) for 1 hour. Slides were counterstained with 4-6-diamidino-2-phenylindole (DAPI, Sigma, St. Louis, MO) to visualize nuclei, followed by laser scanning confocal microscope (IX81, Olympus, Tokyo, Japan).
Microarray analysis
RNA was extracted from the paired stable cell lines HNE1-Vector, HNE1-ZNF488, CNE1-Vector, and CNE1-ZNF488 using TriPure Isolation Reagent (Roche, Vilvoorde, Belgium) and the Qiagen RNAeasy Mini Kit (Qiagen, Venlo, The Netherlands). RNA was amplified and labelled using the Affymetrix GeneChip 3#IVT Express Kit (Affymetrix, Sacramento, CA); and the cDNA was then hybridised to an Affymetrix GeneChip HG-U133 Plus 2.0, stained using an Affymetrix GeneChip Fluidics Station 450 and scanned using the GeneChip Scanner 3000. Quality control was carried out using the Affymetrix GCOS software. Genes up-and downregulated by 1.5-and 2-fold, respectively, between the paired stable cell lines were analyzed. vested 36 hours after transfection and lysed in 100 µL passive lysis buffer (Promega), and 25 µL lysates were analyzed for luminescent signal. The reporter and Renilla luciferase activities were monitored using Dual Luciferase reporter system (Promega).
Transfection and luciferase reporter assay
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Statistical analysis
Data are presented as the means±standard deviation (SD) of three independent experiments. Differences between groups were analyzed using Student's t test. Statistical analyses were performed using the SPSS ver. 18 (SPSS Inc., Chicago, IL) or Prism 5 software (GraphPad Primer, San Diego, CA). Null hypotheses of no difference were rejected if p-values were less than 0.05. 
Results
ZNF488 is highly expressed in NPC
Based on our cDNA microarray results, we found that ZNF488 was identified as a major up-regulated gene in NPC tissue compared with normal nasopharyngeal epithelial tissue (data not shown). To further validate our finding, we detected ZNF488 mRNA expression in 34 freshly frozen primary NPC tissues and 12 normal nasopharyngeal epithelial tissues. Our results showed that ZNF488 mRNA levels were considerably higher in NPC tissues (p < 0.05) (Fig. 1A) . Furthermore, quantitative reverse transcription polymerase chain reaction (RT-PCR) and western blotting analyses were used to determine the expression levels of ZNF488 mRNA and protein in NPC cell lines, two immortalized nasopharyngeal epithelial cells (N2-bmi1 and NP69) and five primary normal nasopharyngeal epithelial cells (N01, N02, N03, N05, and N10P). Higher expression of ZNF488 mRNA was detected in eight of 12 NPC cells compared with immortalized and normal nasopharyngeal epithelial cells (Fig. 1B) . Consistent with our quantitative RT-PCR results, ZNF488 protein was also elevated in NPC cell lines compared with normal nasopharyngeal epithelial cells (Fig. 1C) . These results suggest that ZNF488 is up-regulated in NPC.
Over-expression of ZNF488 promotes invasion and migration in NPC cell lines
To investigate the function of ZNF488 in NPC, we exogenously over-expressed ZNF488 in two NPC cells, HNE1 and CNE1. Exogenous expression of ZNF488 was confirmed by western blotting (Fig. 2A ). Cells were then tested for wound healing assay. For this test, the cells were starved for 36 hours and cultured in serum-free medium, to exclude the interference attributable to the proliferative action. As shown in Fig. 2B , over-expression of ZNF488 strongly simulated cell migration. Similar results were confirmed by transwell invasion assays. Numbers of invasive cells were significantly higher in ZNF488 over-expressing cells (p < 0.01) (Fig. 2C) . To prove that endogenous ZNF488 regulates cell migration and invasion, we conducted siRNA-targeted ZNF488 knockdown in two high-metastatic cell lines, 5-8F and S18. Efficient knock-down of ZNF488 expression was confirmed by western blotting (Fig. 2D) , with more efficient knock-down by siRNA 1 and siRNA 3. As expected, knock-down of ZNF488 expression significantly suppressed cell invasion (p < 0.01) (Fig. 2E ). In conclusion, these data suggest that ZNF488 promotes migration and invasion in NPC cells. 
ZNF488 induces cancer stem cell-like self-renewal properties to enhance tumorigenesis
We also studied the effects of ZNF488 on cancer stem cell property. Representative cancer stem cell markers, Nanog, ABCG2, and Sox2, were detected using RT-qPCR. Overexpression of ZNF488 markedly up-regulated the mRNA levels of Nanog, ABCG2, and Sox2 in both HNE1 and CNE1 stable cell lines (Fig. 3A) . In addition, the tumor growth ability of cells on soft agar indicated the growth of cancer stem cell populations. We found that over-expression of ZNF488 significantly increased the ability of anchorage-independent growth in soft agar (Fig. 3B) . To explore whether ZNF488 was required for NPC tumor growth in vivo, we conducted xenograft tumor model assays by subcutaneously injecting stably constructed ZNF488-over-expressing CNE1 or control CNE1 cells into the left flanks of six nude mice. Tumors were weighed and photographed (Fig. 3C) 12 days after NPC cells injection. Our data showed that the growth rate of tumors derived from ZNF488-over-expressing cells was significantly faster than control cells (p < 0.01) (Fig. 3D) . Tumors formed in ZNF488-over-expressing group were much heavier than in the control group (p < 0.01) (Fig. 3E) . These data indicate that ZNF488 stimulates the generation of cancer stem cell-like properties, which might facilitate the tumorigenesis both in vitro and in vivo.
ZNF488 activates the Wnt/!-catenin pathway to induce the EMT transcription factor Tcf/Lef, which promotes the EMT in NPC
EMT is involved in the invasive capacity of transformed epithelial cells [12] . We examined whether ZNF488 could induce EMT in NPCs. A key molecular feature in EMT is the down-regulation of E-cadherin, which is tightly controlled by Snail-related zinc-finger transcriptional repressors [13] . As shown in Fig. 4A , the epithelial markers E-cadherin and "-catenin were down-regulated, whereas mesenchymal markers vimentin and N-cadherin were up-regulated compared with their controls. These observations were further verified by immunofluorescence staining (Fig. 4B) , suggesting that over-expression of ZNF488 lead to an EMT phenotypic transition.
To gain mechanistic insights into ZNF488-driven tumor invasion and tumorigenesis, we performed microarray analysis in both HNE1 and CNE1 stable cell lines. Pathway analysis using genes showing 1.5-folds or more common changes and the Database for Annotation, Visualization and Integrated Discovery (DAVID) v6.7 revealed that the inflammatory, tight junction, and Wnt signaling pathway differed significantly. Among these, genes in the Wnt signaling pathway, including cadherin 7, PCDHB17, LEF1, PCDHA1, PLCB1, NFATC2, PRKCB, and !-catenin, were significantly different (p < 0.05) ( Table 2 ). The WNT signaling pathway, implicated in EMT, promotes tumor initiation and progression and contributes to the acquisition of self-renewal and metastatic phenotypes [14, 15] . Based on the microarray results, we sought to determine whether the Wnt/!-catenin pathway is involved in the ZNF488-induced EMT. We evaluated the activity of Tcf/Lef transcription factor, involved in the Wnt signaling pathway, by luciferase reporter assays. As shown in Fig. 4C , over-expression of ZNF488 enhanced Tcf/Lef transcriptional activity in both cell lines. The protein levels of !-catenin and p-GSK3! were up-regulated with the over-expression of ZNF488 (Fig. 4D) . We found that overexpression of ZNF488 also up-regulated the expression of EMT transcription factors Snail and Slug (Fig. 4D) . Thus, the activating of Wnt/!-catenin signaling pathway may play a role in ZNF488 promoted EMT transition.
Discussion
NPC is a disease with remarkable racial and geographic distribution. Virological, genetic and environmental factors are involved in the etiology of NPC, although the molecular basis of NPC is not well understood. ZNF488 is a zinc finger protein of ZNF family, which is highly conserved in vertebrates. It is required for oligodendrocyte precursor formation and differentiation during embryonic development [10] , and has important implications in CNS myelin regeneration and repair after demyelinating diseases. However, the role of ZNF488 in cancer, especially in NPC is poorly understood.
In this study, our findings suggest an important role of ZNF488 in NPC. We showed that ZNF488 expression was significantly higher in NPC tissues compared with normal epithelial tissues, consistent with our previous results of transcriptome sequencing. Importantly, ZNF488 was overexpressed at both mRNA and protein levels in NPC cell lines. It is interesting to note that two subclones derived from parental CNE2, S18 and S26, S18 with higher percentages of spindle-shaped cells, indicated high invasive and metastatic ability [16] . SUNE1-derived subclones 5-8F and 6-10B, 5-8F were highly tumorigenic and metastatic [17] . Intriguingly, both highly metastatic S18 and 5-8F expressed higher levels of ZNF488 than their counterparts. Based on these results, we hypothesized that ZNF488 is implicated in the invasion of NPC.
We further provided evidence showing that over-expression of ZNF488 remarkably stimulated migration and invasion, while knock-down of ZNF488 alleviated invasion in NPC cells. EMT, as a prerequisite for cancer invasion and metastasis, leads to the up-regulation of mesenchymal markers toward mesenchymal phenotype [18] . This transformation is associated with tumor invasiveness, metastasis, and resistance to chemotherapy. Our results showed that epithelial markers E-cadherin and "-catenin were down-regulated, whereas the mesenchymal markers vimentin and N-cadherin were up-regulated in ZNF488-over-expressing cell lines, indicating that over-expression of ZNF488 triggered an EMTlike phenotypic transition.
EMT is implicated in the successful formation of micrometastasis by conferring cancer stem cell properties to disseminated cancer cells [12] . Cancer stem cells appear to drive both tumorigenesis and metastasis, while resistant to standard radiation and chemotherapy [19] . We found that [22] [23] [24] . Thus, ZNF488-induced EMT enhances stem cell-like self-renewal properties that are crucial in tumorigenesis. Mechanistically, microarray analysis revealed that Wnt/!-catenin signaling pathway might be involved in ZNF488-induced EMT. A number of cytokines and growth factors are induced during EMT, which amplifies the EMT program and promotes cell migration. These factors include the cytokines TGF-!, Wnt, Notch ligands, interleukin-like EMT-inducers [25] . One of the signals initiating EMT was the canonical Wnt pathway, whose stimulation triggered the translocation of oncoprotein !-catenin to nucleus, where it acted as coactivator of Tcf/Lef factor in transcriptional activation of target genes. We found that over-expression of ZNF488 activated the Wnt/!-catenin signaling pathway to enhance Tcf/Lef transcriptional activity, thereby contributing to the EMT. Additionally, the activation of Wnt/!-catenin pathway was often coupled with the expression of EMT regulators such as snail and slug. Snail and Slug regulate tight junction stability, gap junctional protein expression, desmosome disassembly and protease expression. Indeed, Snail and Slug are expressed in the response to EMT inducing stimuli including Wnt signaling [25] . As a result, the transcription factors Snail and Slug were elevated in ZNF488-over-expressing cell lines. Thus, we hypothesized that ZNF488 activates the Wnt/!-catenin signaling pathway, leading to the activation of the Tcf/Lef transcription factor. As ZNF488 is highly conserved, silico analysis revealed that ZNF488 contains a possible nuclear localization signal (NLS) sequence: a bipartite NLS between its two zinc-finger motifs that functions as a transcriptional repressor. This study, however, did not determine the exact binding site of ZNF488 target genes. Regardless of the direct binding site, our substantial evidence reveals, for the first time, the importance of ZNF488 in invasion and tumorigenesis in NPC. It holds promise as a novel molecular target for NPC therapy and a potential biomarker for predicting patient prognosis.
Conclusion
In conclusion, the present study indicated that ZNF488 was over-expressed in NPC, and over-expression of ZNF488 could enhance the invasive and tumorigenic abilities in NPC. Our findings provide new insights into the molecular mechanisms involved in the regulation of NPC invasion and might provide novel therapeutic targets and strategies for the treatment of NPC patients.
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